Vinpocetine, a semi-synthetic compound derived from the alkaloid vincamine, exhibits effective pharmacological activities for the treatment and prevention of cerebrovascular circulation and vascular cognitive disorders. Vinpocetine can be produced through a one-step chemical reaction beginning with ethyl vincamine, and a two-step chemical reaction beginning with vincamine. In our previous study, the endophytic fungus CH1, Geomyces sp., was isolated and identified as a producer of ethyl vincamine, which was first obtained by endophytic fungal fermentation. However, the production was largely limited. Fungal protoplasts are a valuable experimental tool for physiological and genetic research such as protoplast fusion, gene transfer and metabolite production. In this paper, we optimized some key factors for the preparation and regeneration of protoplasts from strain CH1. Using an enzymes mixture consisting of cellulase (2.0%, w/v), glusulase (3.0%, w/v) and driselase (1.0%, w/v) in osmotic stabilizer (0.7 mol/L NaCl), the highest yield of protoplasts (6.78×10 7 /mL) was obtained with mycelia after 72 h at pH 5.0-6.0 by digesting for 1.5 h at 30°C. After purification of the prepared protoplasts, they were regenerated in the regeneration medium using a bilayer plate culture method.
Vinpocetine, a semi-synthetic compound, can be produced through a one-step chemical reaction beginning with ethyl vincamine, and a two-step chemical reaction beginning with vincamine ( Figure 1 ). Vinpocetine has been used in many countries to treat and prevent cerebrovascular circulation and vascular cognitive disorders [1] [2] [3] . In our previous study, the endophytic fungus CH1, Geomyces sp., was isolated and identified as a producer of ethyl vincamine, which was first obtained by endophytic fungal fermentation. CH1 provides a new and reliable way for producing the most important intermediate ethyl vincamine for the semisynthesis of vinpocetine [4] . However, the low yield of ethyl vincamine from CH1 cannot meet the commercial requirement. As a result, it is of great importance to understand its biosynthetic pathway and mechanism and to elevate the productivity of strain CH1 by exploiting efficient approaches. Protoplasts are all the components of a live cell after removal of the cell wall using either mechanical or enzymatic means [5] . Currently, fungal protoplasts have become a valuable experimental tool for physiological and genetic research such as protoplast fusion, gene transfer and metabolite production. Much research has been undertaken to improve methods for protoplast preparation and regeneration from mycelial cells for fungal genetic study. For every strain, the effects of the lytic enzyme systems, digestion conditions and osmotic stabilizers must be considered in order to establish optimal conditions for protoplasts isolation and regeneration without affecting their viability [5] [6] . Although many researchers have established different experimental conditions for the isolation and regeneration of protoplasts, there is no method that is common to all groups of fungal strains, and it is very important to optimize the conditions for each fungus [7] [8] [9] . In this study, we have investigated some key factors for the preparation and regeneration of protoplasts from the ethyl vincamine-producing fungal endophyte CH1 and finally obtained the most suitable experimental conditions. These results may be the basis for protoplast fusion to construct the engineering strains of the ethyl vincamine producing fungus and to obtain high yields of this compound.
The chain shape of the CH1 mycelia before digestion is shown in Figure 2a . The mycelium began to change after digesting for 30 min and protoplasts began to form (Figure 2b ). With extension of the digestion time, the mycelia began to break, and many protoplasts were released (Figure 2c ). In the process of protoplast formation, the protoplasts were released from the split mycelia. At the end of the digestion, the protoplasts showed a spherical shape, and almost no mycelia were observed (Figure 2d ).
In order to improve the production of protoplasts, we first investigated the relationship between the lytic enzyme system and protoplast yields to select the optimal lytic enzyme system. The effects on the preparation of CH1 protoplasts were determined of cellulase, glusulase, and driselase at different concentrations and in different combinations by orthogonal experiment ( Table 1 ). The optimal condition was a combination of cellulase (2.0%, w/v), glusulase (3.0%, w/v) and driselase (1.0%, w/v). The effect, in decreasing order, was: cellulase, driselase, and glusulase. The results indicate that the combination of the three enzymes obtained higher protoplast yields than that of any of them used alone; these results agree with those of other authors [6, 10] . This may be due to the fungus having a complicated structure and the three enzymes have different functions, and the combination of them may have a synergistic effect. Where T 1 is the sum of the three protoplast yields under the first content level of the three different enzymes, T 2 is the sum of the three protoplast yields under the second content level of the three different enzymes, T 3 is the sum of the three protoplast yields under the third content level of the three different enzymes, X 1 is the average value of the three protoplast yields under the first content level of the three different enzymes (X 1 =T 1 /3), X 2 is the average value of the three protoplast yields under the second content level of the three different enzymes (X 2 =T 2 /3), X 3 is the average value of the three protoplast yields under the third content level of the three different enzymes (X 3 =T 3 /3), R is the maximum difference of the three values of X {max (X 1 , X 2 ,X 3 ) -min (X 1 , X 2 , X 3 )}, which showed the degree of effect of the three different enzymes.
The effect of pretreatment on the preparation of protoplasts was also studied. It has been proved that mercaptoethanol can disrupt the disulfide bonds of hyphal exocrine protein, damage the protective layer of the cell wall, and enhance the sensitivity of the cell wall to enzyme [11] . In this work, the mycelia were immersed in the pretreatment solution at 28°C for 30 min before enzymolysis. When compared with untreated mycelia as control, the protoplast yield was lower in the pretreatment solution. That is, pretreatment did not increase the protoplast yield [12] . However, the protoplast yield decreased in the mixture of pretreatment solution and enzyme solution. A similar phenomenon was also found by Xu et al. [13] and Li et al. [6] . The reason may be that enzymolysis of the cell wall and the cell membrane after pretreatment of the mycelium caused the yield of protoplast to be lower than that of direct enzymolysis.
We investigated the relationship between the age of the mycelia and the production of protoplasts using cellulase (2.0%, w/v), glusulase (3.0%, w/v) and driselase (1.0%, w/v). Table 2 shows that the optimal mycelial age for the preparation of protoplasts was 72 hours on the basis of the optimized lytic enzyme system. According to the results, the protoplast yield first increased when prolonging the incubation time; the maximum preparation frequency was 5.02×10 7 /mL when the mycelial age was 72 hours. When the mycelial age was more than 72 h, the protoplast yield decreased gradually. It may be because when the mycelium age was short, the cell walls were not tight enough and easily released protoplasts. Nevertheless, the produced protoplasts were not very stable and easily broken. As the incubation time extended, the cell wall of the mycelium would become tighter and harder to remove, causing the decrease in protoplast yield. The effects of pH on the preparation of protoplasts were investigated using the following conditions: cellulase (2.0%, w/v), glusulase (3.0%, w/v), driselase (1.0%, w/v), and mycelial age 72 h ( Table 2 ). The results showed that 6.0 was the optimal pH value, with a maximum protoplast yield of 5.43×10 7 /mL. Higher or lower pH values decreased the yield of protoplasts because the pH value indirectly influences the production of protoplasts due to an effect on enzyme activity.
The effects of digestion temperature on the preparation of the protoplasts were studied under the same conditions as above, at pH 6.0 ( Table 2 ). The different digestion temperatures were 27°C, 30°C, 33°C, 36°C, and 39°C, respectively. The optimal digestion temperature was 30°C on the basis of the optimized enzyme combination, when the protoplast yield reached 5.82×10 7 /mL. At higher and lower temperatures, the lower protoplast yields may be the result of the influence of temperature on enzyme activity.
The effects of digestion time on the preparation of protoplasts were studied under the same conditions as above, at pH 6.0 and at 30°C. Figure 3 shows that with increasing digestion time, the protoplast yield increased, and the maximum was 5.96×10 7 /mL when the digestion time was 1.5 hours. However, when the digestion time was longer than this, the protoplast yield decreased gradually. This may be because of over digestion of the protoplasts, causing the loss of regenerative primers and reduction of protoplast activity.
The effects of osmotic stabilizers on protoplast yields were studied under the same conditions as above, at pH 6.0 and at 30°C, with a Figure 4 shows that 0.7 mol/L NaCl was the most suitable osmotic stabilizer on the basis of the optimal enzyme combination, mycelial age, temperature, pH and digestion time. The protoplast yield reached 6.78×10 7 /mL.
The osmotic stabilizer plays an important role in protoplast formation in that it can provide the osmotic pressure to prevent the protoplasts from being broken following removal of the cell wall, and is helpful for improving enzyme activities. Osmotic stabilizers such as inorganic salts, sugars and sugar alcohols have been used for fungal protoplast preparation and regeneration [5] . Both the type and concentration of stabilizer can influence the preparation and regeneration of protoplasts. In our experiment, different osmotic stabilizers, NaCl, KCl, sorbitol and mannitol, were tried in different concentrations. It was suggested that NaCl at 0.7 mol/L was the best osmotic stabilizer for the production of protoplasts from CH1. Zhao et al. [10] and Zhou et al. [14] have reported that 0.7 mol/L NaCl served as the optimal osmotic stabilizer for the preparation and regeneration of protoplasts from the taxol-producing fungus Nodulisporium sylviforme. Savitha et al. [5] have reported that 0.6 M KCl was observed as the best osmotic stabilizer for Graphium putredinis and Trichoderma harzianum. Therefore, there is no common osmotic stabilizer for either the production or regeneration of protoplasts among fungi and it is very important to determine the best one for each fungus.
Regeneration frequency of protoplasts is often an essential factor in the production of protoplasts. In this study, we investigated the regeneration frequency of protoplasts using monolayer and bilayer plate culture methods. After adjusting the preparation of protoplasts, the prepared protoplasts were regenerated in the regeneration medium containing 0.7 mol/L NaCl, using the monolayer and bilayer plate culture methods, respectively; the regeneration frequency of protoplasts was higher when using the bilayer plate culture method. This indicated that the bilayer plate culture method may protect the protoplasts without affecting their integrity. The control results also indicated that the osmotic stabilizer plays an important role in the regeneration of protoplasts.
After adjusting the concentration of prepared protoplasts with different digestion times, the protoplasts were regenerated in a medium containing 0.7 mol/L NaCl, using the bilayer plate culture method. Figure 3 shows that the regeneration frequency of protoplasts changed little in a short time. However, with prolonging digestion times, the regeneration frequency of the protoplasts decreased gradually. This may be because of the loss of primers for synthesizing cell walls after long digestion times. Therefore, taking into account the preparation frequency and regeneration frequency of the protoplasts, 1.5 h was chosen as the most suitable digestion time.
To investigate the stability of the regenerated protoplasts of CH1, the morphology of the colony, growth and conidia of 200 regenerated protoplasts of CH1 were observed. There was no obvious variation in the regenerated strains, which were similar to the original strains. This indicated that CH1 has good stability in the system of preparation and regeneration of protoplasts used in this study.
In summary, there is no common method for either the production or regeneration of protoplasts among fungal strains and it was very important to determine the optimum conditions for CH1. Our results show a promising system for producing and regeneration of protoplasts from CH1. Protoplasts obtained through this experiment would definitely provide a frame of reference for protoplast fusion and fungal improvement studies to obtain high yields of ethyl vincamine.
Experimental

Materials:
The enzymes cellulase, glusulase and driselase were purchased from Shanghai Yeasen Biotechnology Co., Ltd., China; all the other reagents and chemicals (analytical grade unless stated otherwise) were purchased from Tianjin Damao Chemical Reagent Co., Ltd (China). The endophytic fungus, Geomyces sp CH1 was used as the parent strain in this investigation. It was isolated by our research group from Nerium indicum, Apocynaceae, growing in Heng Mountain, Hunan Province, China. It has been deposited in the China Center of Type Culture Collection (CCTCC M 2014676) [4] .
Media:
Potato dextrose agar (PDA) was used as the growing medium, consisting of 20% potato juice, 2% glucose and 2% agar; PDA liquid medium was PDA medium without agar. The regeneration medium was PDA medium containing 0.7 mol/L NaCl.
Preparation of mycelia of endophytic fungus: Strain CH1 was incubated on a PDA slant at 27°C for 3 days, then inoculated into a 250 mL flask containing 100 mL of PDA liquid medium and cultured at 27°C on a rotary shaker at 170 rpm for 3 days. After that, the cultured mycelia were collected by centrifugation at 4000 rpm for 5 min and then washed twice using an osmotic stabilizer.
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Preparation of enzyme solutions:
Three enzymes cellulase, glusulase and driselase at different concentrations and in different combinations were prepared and used for removal of cell walls ( Table 1) .
Preparation of osmotic stabilizers: NaCl, KCl, sorbitol and mannitol at various concentrations (0.5, 0.6, 0.7 and 0.8 mol/L) were assayed as osmotic stabilizers [8] . Of these, 0.7 mol/L NaCl was found to be the most suitable and was used in further studies.
Pretreatment:
The collected mycelia were pretreated directly and indirectly. In direct pretreatment, the mycelia were permeated in the pretreatment solution (0.5% mercaptoethanol in 1.0 mol/L phosphate buffer, pH 6.0) before enzymolysis.
Preparation of protoplasts:
The mycelia were transferred to 5 mL tubes with a level bottom, 200 mg wet mycelia for each. The mixed enzymes in osmotic stabilizers were added to the tube containing wet mycelia in a ratio of 100 mg wet mycelia to 1 mL enzyme solution. The wet mycelia were then digested in a rotary shaker at 75 rpm at 30°C. After digestion, the enzyme solution was added to 1.5 times the volume of osmotic stabilizer and filtered through 3 layers of lens paper to isolate the protoplasts from the mycelial debris. The protoplast suspension was then centrifuged at 3000 rpm for 10 min. The protoplast pellets were collected and washed twice using osmotic stabilizers and then re-suspended in osmotic stabilizers. Finally, the morphology of the protoplasts was observed through an inverted microscope, the yield of protoplasts was counted with a blood cell counting board and calculated using the following formula [6] :
Pf=Np/V where Pf is the protoplast yield (number of protoplasts per mL), Np is the number of protoplasts, and V is the volume of enzyme solution.
Regeneration of protoplasts:
The protoplast suspension was diluted tenfold with osmotic stabilizer, and then cultured in regeneration medium by either a monolayer or bilayer method [14] .
Monolayer plate culture method: The diluted protoplast suspension was directly transferred into a regeneration medium solid-plate and cultivated at 27°C for 3-5 days.
Bilayer plate culture method: Suspension (0.5 mL) was added to tubes containing 4.5 mL regeneration soft agar medium. After being shaken by hand, the solution was transferred into a regeneration solid-plate and cultivated at 27°C for 3-5 days. At the same time, as a control, another protoplast suspension was diluted tenfold with distilled water and then inoculated on a PDA plate without osmotic stabilizer. The regeneration frequency of the protoplasts was calculated based on the following formula:
Rf (%) = (Cr-Cp) /Np×100%
where Rf is the regeneration frequency (%), Cr is the number of colonies on the regeneration medium after dilution with osmotic stabilizer, Cp is the number of colonies on the PDA medium after dilution with distilled water, and Np is the number of protoplasts.
